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Utilizing NASA Earth Observations to Assess Coastline
Replenishment Initiatives and Shoreline Risk Along
Delaware's Coasts
Greta Paris, Rachel Tessier, Ani Matevosian & Nicholas Gagliano
Department of Atmospheric Science
Abstract – Delaware’s coastline is a vibrant tourist
destination and unique habitat for many vulnerable
species. Yet, with the lowest mean elevation of any
state, this stretch of land is threatened by geological
and climatic forces, including coastal erosion, sea
level rise, storm surge, and subsidence. The state’s
Department of Natural Resources and Environmental
Control (DNREC) has served as a diligent combatant
of coastal land loss since the 1950s. In partnership
with the DNREC, this team utilized Landsat 8
Operational Land Imager, Landsat 7 Enhanced
Thematic Mapper Plus, Landsat 5 Thematic Mapper,
and the Terra Advanced Spaceborne Thermal
Emission and Reflection Radiometer in combination
with ancillary datasets to create a suite of time-series
maps that identified shoreline extent changes in
response to management projects and to generate a
coastal land loss susceptibility map. Analyses of
coastline change across time were performed using
quantifiable measures derived from the time-series
maps. The team found a statistically significant shift
of land to water between 1988 and 2018 (p < 0.05).
Bombay Wildlife Refuge, Prime Hook Wildlife
Refuge, Rehoboth Beach, Slaughter Beach, and
Assawoman Bay are the most susceptible areas to
land loss along Delaware’s coast. Areas that
experienced the greatest land loss within the 31-year
range were the Prime Hook and Bombay Hook
Wildlife Refuges. Conversely, Cape Henlopen
exhibited a notable accretion of land. These analyses
can be used by the DNREC to support the
development of future coastal protection and
replenishment strategies through the evaluation of
restoration technique effectiveness and identification
of at-risk areas.
Keywords:
Delaware, coastline management, erosion, sea level
rise, storm surge, subsidence, Landsat, Terra ASTER
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I. Introduction
Background Information
Delaware’s economically and ecologically
vibrant coastline is currently threatened by various
climatic and geological forces, including subsidence,
coastal erosion, sea level rise, and storm surge. As a
popular tourist destination, the coastline fuels the
state’s economy and it hosts productive fishing,
crabbing, and oyster industries (DNREC Public
Affairs, 2012). Delaware’s coast is also ecologically
valuable, as it serves as an important transition zone
and migration stopping point for flora and fauna,
respectively (DNREC, 2015). For these reasons, the
state’s government is interested in protecting and
restoring the coastline to prevent habitat-loss and
property damage.
The state of Delaware lies within the Coastal
Plain and has the lowest mean elevation of any state.
The Coastal Plain is comprised of unconsolidated
soils that are easily erodible (Coastal Hazards in
Delaware, n.d.). Research indicates that sea level rise
and decreases in sediment supply are the main drivers
of shoreline recession (Zhang, Douglas, &
Leatherman, 2002). The state also experiences
subsidence due to tectonic movement and
anthropogenic extraction of subsurface resources,
further exacerbating land loss (DNREC, n.d.).
Although long-term erosion accounts for the majority
of Delaware’s coastal land loss (Jesse Hayden,
personal communication, September 25, 2019), the
state is also impacted by extreme weather events,
such as Nor’easters and hurricanes. This is especially
true for marshes and wetlands, where average wave
conditions, rather than episodic storms, are the
dominant cause of marsh boundary loss (Leonardi,
Ganju, & Fagherazzi, 2015). An exception to this
trend is the break in the natural barrier of Prime Hook
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Wildlife Refuge that Hurricane Sandy caused in
2012.
Delaware’s
Department
of
Natural
Resources and Environmental Control (DNREC) has
implemented major shoreline management programs
to combat land loss in partnership with the United
States Army Corps of Engineers. These programs are
generally comprised of beach nourishment and hard
structure installation projects and are often funded by
the state or federal government (DNREC, n.d.).
Research on the effectiveness of beach nourishment
in New Jersey during Hurricane Sandy found a slight
reduction in damage to beaches that had been
nourished since 2000, validating the continuation of
these projects (Griffith, Coburn, Peek, & Young,
2015). The most notable restoration project in the
area is that of Delaware’s Prime Hook Wildlife
Refuge,
following
Hurricane
Sandy. This
monumental state and federal effort received the
2019 Climate Adaptation Leadership Award for
Natural Resources to recognize its innovation and
success (Eisenhauer, 2019).
Previous studies demonstrate remote
sensing’s ability to monitor wetland and coastline
changes and restoration efforts (Arcuri, Ortiz, &
Edmonds, 2016; Guo, Sheng, Xu, & Wu, 2017;
Klemas 2014, Mars & Houseknecht, 2007). For
instance, Arcuri et al. (2016) used Landsat imagery of
the Mississippi River Delta Plain to identify
wind-driven wave edge erosion as a critical driver of
the land loss that they quantified. Mars and
Houseknecht (2007) also used Landsat imagery to
detect a doubling in the erosion rate of a segment of
Alaska’s coast. A new approach to quantify and map
shoreline and coastal wetland water extent is through
the use of the Coastal Annual Land Cover Change
(CALCC) tool. Created by a previous NASA
DEVELOP research team led by Danielle Ruffe, and
later modified by a NASA DEVELOP research team
led by Christine Fleming, this tool generates synthetic
rasters of land and water yearly averages of pixel
values.
This project focused on the coastal wetlands
and shorelines of Delaware (Figure 1) from 1988 to
2018. While Atlantic coastal research is covered by
the USGS, the Delaware Bay is left to the state,
which has therefore received less research due to

budget limitations (Jesse Hayden, personal
communication, Oct 1, 2019). Remote sensing data
from Landsat 5 Thematic Mapper (TM), Landsat 7
Enhanced Thematic Mapper Plus (ETM+), and
Landsat 8 Operational Land Imager (OLI) cover the
thirty-one-year period, allowing for an analysis of
Delaware’s coastline over time via the CALCC tool.

Figure 1. The study area included a half-mile buffer

from Delaware’s
coastline.

Project Partners & Objectives
The DNREC has implemented coastal
management strategies to tackle the threat of land
loss. The DNREC currently does not utilize NASA
Earth observations (EOs). The end products
developed by the NASA DEVELOP team will enable
the DNREC to identify and address coastal areas
most in need of intervention to better protect habitats
and infrastructure.
This project aimed to support the DNREC in
decision-making processes by employing NASA EOs
into decision management maps and tools. This has
been achieved by exemplifying historical coastline
changes in comparison to coastal management
programs via several time-series maps and GIFs.
Then, the team generated a susceptibility map to
highlight areas at-risk to coastal land loss. To
quantify possible changes to the coastline, a series of
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regressions were performed on the relationships
between time and coastal change. The team also
created an ArcGIS StoryMap to showcase the unique
risks threatening Delaware’s coastline, management
efforts by the DNREC, and the team’s products and
results.

II. Methodology
Data Acquisition for Susceptibility Maps
The final susceptibility map is comprised of
numerous environmental variables that influence
coastal land loss, as shown in Table 1. The team


Table 1. Data Sources for Susceptibility Factors

Data Acquisition for Coastline Change
Time-Series Maps & Analyses
To create time-series maps of coastline
changes between 1988-2018, the team utilized 5,830
images using three Landsat sensors (Table 2 and
Figure 2). Using the CALCC tool, the team acquired
and processed these data within the Google Earth
Engine JavaScript Application Programming
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chose these factors based on a literature review and
the availability of relevant data for use in ArcMap
10.5.1. The team acquired elevation data from a Terra
Advanced Spaceborne Thermal Emission and
Reflection Radiometer (ASTER) digital elevation
model (DEM) and calculated slope from the DEM.
We acquired land cover, soil hydrology, and relative
sea level rise data from the most relevant, recently
available datasets. The team also obtained wind speed
and wave height data from the DNREC. Using these
data, the team created the coastal land loss
susceptibility map.

Interface. This processed data was then used within
ArcGIS Pro to create time series maps of coastline
changes between 1988-2018. One of the time-series
maps also showcases the DNREC’s historical
coastline management projects alongside the
coastline changes. Our partners at the DNREC
provided us with the historical coastal management
project database.
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Table 2. Data Sources for Time-Series Maps and Analyses

Platform/Sensor

Processing
Level

Dataset Type

Number of
Images

Dates

Landsat 5 Thematic Mapper (TM)

Collection 1,
Tier 1

Surface
reflectance

1,699

February 1988 December 2011

Landsat 7 Enhanced Thematic
Mapper Plus (ETM+)

Collection 1,
Tier 1

Surface
reflectance

1,564

July 1999 September 2018

Landsat 8 Operational Land Imager
(OLI)

Collection 1,
Tier 1

Surface
reflectance

578

March 2013 September 2018



Figure 2. Number of Satellite Images Used Per Year

Data Processing for Susceptibility Maps

Slope

Elevation
The team classified elevation based on
natural breaks in the data. Areas five feet or below
are at the greatest risk to erosion, while areas between
five and ten feet are at moderate risk. Areas between
ten and sixteen feet are at low risk. Finally, areas over
sixteen feet are at the least risk.

The team calculated percent slope from the
Terra ASTER DEM using the Slope (Spatial Analyst)
tool in ArcMap, then classified the data based on
natural breaks. Because Delaware lies in the Atlantic
Coastal Plain, the percent slope remained consistently
low. Slope was classified based on the following
categories: least risk (<1.7%), low risk (1.7%-3.4%),
moderate risk (3.4%-6%), and high risk (>6%).
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Land Cover
We acquired land cover data from NOAA’s
C-CAP Land Cover Atlas (Dobson, 1995). Highly
developed land, moderately developed land,
cultivated
cropland,
estuarine
wetland,
unconsolidated shore, and bare land received the
classification of the most susceptibility to erosion
(National Association of Counties Research
Foundation, 1970; Kerris & Iivari, 2006; Titus,
1998). The team classified palustrine wetlands as
moderately susceptible (Titus, 1998); lightly
developed land, developed open space, and pasture as
less susceptible (National Association of Counties
Research Foundation, 1970; Kika de la Garza Plant
Materials Center, n.d.); and grasslands, deciduous
forest, evergreen forest, mixed forest, and
scrub/shrub as least susceptible (Kika de la Garza
Plant Materials Center, n.d.).
Soil Hydrology
The team acquired the USA Soils
Hydrologic Group map layer from ArcGIS Online,
with pre-classified soils based on the USDA’s Soil
Hydrologic Groups A-D. These classifications are
characterized by infiltration and runoff rates. Group
A has the highest infiltration rate and lowest runoff
rate, thus making it the least susceptible to erosion.
Group B has a moderately low runoff potential.
Group C has a moderately high runoff potential.
Group D has the lowest infiltration rate and highest
runoff rate, thus making it the most susceptible to
erosion (Mockus & Hoeft, 2007).
Relative Sea Level Rise
The team obtained relative sea-level rise
(RSLR) data from the NOAA Tides & Currents
Database. RSLR includes both sea-level rise and
local subsidence rates. The team created Thiessen
Polygons within ArcMap to assign RSLR proximity
values to the entire coast based on the three
measuring stations: Reedy Point, Lewes, and Ocean
City (Esri, n.d.).
Wind Speed
The team collected wind speed data from the
Delaware Environmental Observing System (DEOS)
at six measuring stations along Delaware’s coast. The
data collected contained a three-year average wind
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speed for each station. We then reclassified the six
measured wind speeds into four groups of
susceptibility: very low (4.12-4.38 mph), low
(4.38-4.75 mph), moderate (4.75-5.39 mph), and high
(5.39-9.46 mph). Lastly, we created Thiessen
Polygons in ArcMap to assign wind speed proximity
values to the entire coast of Delaware (Esri, n.d.).
Wave Height
We collected wave height data from CB&I
Coastal Planning & Engineering, a contractor hired
by the DNREC. The team stimulated maximum
significant wave height (feet) at five measuring
stations based on the Simulating Waves Nearshore
Model. Then, the team reclassified the five measured
wave heights into four groups of susceptibility: very
low (3.6 feet), low (3.7 feet), moderate (3.8 feet), and
high (greater than 3.8 feet). Lastly, we created
Thiessen Polygons in ArcMap to assign wave height
proximity values to the entire coast of Delaware
(Esri, n.d.).
Data Processing for Time-series Maps & Analyses
The team used the CALCC tool to process
all rasters used in the time-series maps and analyses.
This tool masked clouds using the methods of
Gorelick et al. (2017), which reassigns cloud-affected
pixel to “no data.” We omitted interpolation
techniques to avoid uncertainty (Length, 2001). To
convert the raster imagery to a format that
distinguishes between land and water, the CALCC
tool uses the Normalized Difference Water Index
(NDWI; Equation 1) and the Modified Normalized
Difference Water Index (MNDWI; Equation 2; Jiang
et al., 2014). The NDWI equation uses both the green
band the near infrared (NIR) band, and the MNDWI
equation uses the green band and the mid-infrared
(MIR) band. Pixels with a value of zero are classified
as land and values of one as water. The pixel values
of all rasters for each year are averaged, resulting in a
single synthetic raster for each year between 1988
and 2018 in a Georeferenced Tagged Image File
Format. Pixels with values between zero and one
represent locations that changed for that year. The
raster calculator within ArcGIS Pro enabled the
quantification of year-to-year change, by using
Equation 3.
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(1) N DW I =

GREEN − N IR
GREEN + N IR

(2) M N DW I =

GREEN − M IR
GREEN + M IR

(3) C hange = Y earF inal − Y earInitial
Data Analysis for Susceptibility Maps
The team performed a weighted sum of
slope, land cover, and soil hydrology to create the
susceptibility to erosion map (Esri, n.d.), where each
factor had a weight of 1.00. The team then
reclassified the susceptibility to erosion map into four
classes based on equal intervals. A spectrum of red to
green represents areas from most to least
susceptibility, respectively.

alpha values below 0.05 being deemed significant.
The team then created three GIFs within Adobe
Premiere Pro for qualitative analyses, including the
coastline changes for the entire study area through
time with the beach management projects, shoreline
changes for the Prime Hook Wildlife Refuge and
Cape Henlopen area, and the Bombay Hook Wildlife
Refuge.

III. Results & Discussion

The team performed a second weighted sum
of elevation, susceptibility to erosion, wind speed,
wave height, and relative sea-level rise to create the
overall coastal land loss susceptibility map (Esri,
n.d.). We assigned a weight of 1.00 to elevation and
susceptibility to erosion, a weight of 0.50 to wind
speed and wave height, and a weight of 0.75 to
relative sea-level rise. We then reclassified this map
into four classes based on natural breaks, again with a
spectrum of red to green that indicates high to low
susceptibility.

Susceptibility Maps
The coastal land loss susceptibility map
(Figure 3) encompasses the entire coast of Delaware
and all susceptibility factors. The team obtained the
datasets for each susceptibility factor from
government sources, such as NOAA, USDA, and
DNREC, some of which were dated. Additionally,
wind speed and wave height data do not extend into
the tidal wetlands found on Delaware’s Atlantic
coast. With dates and areas differing for each dataset,
the team found it difficult to sum the factors with
mathematical precision (see section 3.3). A map
displaying susceptibility to erosion, exclusively, is
comprised of the slope, land cover, and soil
hydrology factors. This susceptibility to erosion map,
along with the maps of every susceptibility factor,
can be found in the Appendix.

Data Analysis for Time-Series Maps & Analyses
Using the GEE Javascript API, the CALCC
tool yielded a classification of land and water pixels
within our study area. This allowed for the analysis
and quantification of land loss and accretion over the
thirty-one-year period, as well as the rate of that
change, which was calculated with the Raster
Calculator (Spatial Analyst) Tool within ArcGIS Pro
(Esri, n.d.; Equation 3). Within Microsoft Excel, we
regressed both the annual averages and year-to-year
changes to detect potential trends in land change and
land change rates through time. More specifically, we
performed linear and quadratic regressions, with

Areas of high susceptibility to land loss
tended to have vulnerable land cover and soil
hydrology. These areas include Bombay Hook
Wildlife Refuge, Prime Hook Wildlife Refuge,
Slaughter Beach, Rehoboth Beach, and Assawoman
Bay. Assawoman Bay is particularly susceptible due
primarily to high rates of relative sea level rise. Areas
of low susceptibility showed characteristics of having
adequate land cover and soil hydrology. Furthermore,
these areas were the least affected by relative sea
level rise, wind speed, and wave height and were
comprised of the western portion of Rehoboth Bay
and most of the coastline north of Bombay Hook.
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Wolfe Neck Wastewater Treatment Facility occurred
and is visible within these maps. The representation
of its ponds serves as an assurance of the validity of
the CALCC tool.
Another notable implication of the land
change map of Figure 4 is that of the Bombay Hook
Wildlife Refuge. Apart from the fact that the area has
experienced considerable land loss, it is clear via our
partner-provided beach management project dataset
that this area has never received land loss
intervention projects by state or federal entities. The
loss of this area must be primarily due to chronic
erosion, as the visual rate of loss evident in the GIFs
is gradual. Chronic erosion is the geologic force of
land loss that our partners are most interested in, and
it is likely that they will find this information
invaluable moving forward in their decision-making
processes.

Figure 3. Coastal land loss susceptibility of
Delaware’s coast.
Time-series Maps & Analyses
The time-series map of the entire study area
and historical management projects lacks certain
project-specific information, though it was
informative in showing changes in percent water.
However, the team detected trends in overall land
loss, both qualitatively and quantitatively. Figure 4
encompasses the coastal change for the entire study
area as well as the changes for two areas of interest.
As can be seen, Bombay Hook Wildlife Refuge
experienced considerable land loss over the
thirty-one-year period due primarily to chronic
erosion. The Little Creek Wildlife Area experienced
coastal loss but also exhibited land accretion within
its inland portions. Kitts Hummock exhibited coastal
and inland land loss. Prime Hook Wildlife Refuge
exhibited the most dramatic changes. Up to 2012, the
loss and accretion of this area appeared to be largely
cyclical. The break in the natural barrier of this
refuge by Hurricane Sandy in 2012 is evident within
our time-series maps, as well as the extensive
restoration efforts of state and federal entities. An
important temporal landmark can also be found
within these maps. In 1995, the construction of the
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Figure 4.  Maps of coastal land loss between 1988
and 2018 (see Equation 3). Map A showcases the
change of the entire study area. Map B encompasses
an area of interest, from Bombay Hook Wildlife
Refuge south to Kitts Hummock. Map C encompasses
the second area of interest that includes Prime Hook
National Wildlife Refuge, Cape Henlopen, Rehoboth
Beach, and the Wolfe Neck Wastewater Treatment
Facility.
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The change in percent water through the
years is plotted in Figure 5, and the rate of that
change is exhibited in Figure 6. Notable events are
reflected within the respective years of these plots.
For instance, Hurricane Sandy and the subsequent
inundation of Prime Hook Wildlife Refuge is
reflected in the considerable increase in water
between 2012 and 2013. And the marsh restoration
projects that began in 2015 can also be seen in these
plots by the decrease in water, or increased rate of
land accretion.
A quadratic regression had a better fit for
both plots than linear regressions (quadratic fit for

Figure 5: R2 = 0.7611; linear fit for Figure 5: R² =
0.7534; quadratic fit for Figure 6: R² = 0.0061; linear
fit for Figure 6: R² = 0.0041). Both the negative
quadratic and a significantly positive linear trend
(p-value= 2.55699E-10) for Figure 5 suggest a
thirty-one-year trend of coastal land loss, rather than
accretion. The regressions for Figure 6 are largely
inconclusive. The inconclusiveness in the regressions
for Figure 6 stems from the cyclical nature of the
change from land to water, thus causing the curve to
cycle up and down over the zero line. The change in
time over the years does not have much of a
relationship to the change from land to water,
resulting in a low R² value.

Figure 5. Coastal land change of Delaware’s coast from 1988 to 2018.

Figure 6. Rate of Delaware’s coastal land change from 1988 to 2018. The y-axis units are represented by a water
droplet icon and a grass icon that represent the change to land or water above the Zero Line that represents no
change.
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Future Work
There are three key areas that should be
addressed moving forward. Little research has been
done regarding Delaware’s vulnerability to
subsidence-caused land loss, and the inclusion of
subsidence via relative sea level rise is what makes
our susceptibility map novel. The additional use of
the Sentinel-1 interferometric synthetic aperture radar
(InSAR) instrument can provide our partners with an
even more informative time-series map of the state’s
vertical mobility, namely subsidence, as well as
higher quality mapping overall, particularly for the
factors of elevation and slope (ESA, 2019). The
socioeconomic distinction between the two stretches
of Delaware’s coastline are quantifiable, as residents
near the Bay’s coastline are socially more vulnerable
to environmental threats according to the Centers for
Disease Control (CDC, 2018). It would be interesting
and informative to incorporate the social vulnerability
factors from this federal entity with the susceptibility
information that our team has developed to discern
which communities are truly the most vulnerable.
And finally, our results are not validated, which is a
limitation that can be remedied through the use of our
partner’s substantial reserves of in situ datasets.

IV. Conclusions
As demonstrated within this project, the
DNREC and organizations like it can utilize NASA’s
EOs to explore historical, current, and potential
spatial phenomena. The team has shown both
qualitatively and quantifiably that Delaware’s coast
has experienced land loss since 1988 but found no
detected trend in the rate of land change. Prime Hook
and Bombay Hook National Wildlife Refuges,
Slaughter Beach, Rehoboth Beach, and Assawoman
Bay are the most susceptible areas to land loss along
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Delaware’s coast. The Prime Hook and Bombay
Hook National Wildlife Refuges have experienced
the greatest amount of land loss from 1988-2018.
Three interesting occurrences detected by the Landsat
satellites exhibited the break in the natural barrier of
the Prime Hook Wildlife National Refuge by
Hurricane Sandy, the subsequent marsh restoration,
the chronic erosion of Bombay Hook National
Wildlife Refuge, and the construction of a wastewater
treatment facility. Although limitations existed within
the coastal management project’s information,
supporting evidence showed that the Bombay Hook
Wildlife Refuge, the area that experienced the most
extreme chronic erosion, has never received federal
or state intervention. This illuminating notion is just
one example of an instance in which these products
can help the DNREC in their decision-making
processes moving forward.
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